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Abstract 
Based on NORDICCS selection of the most prospective CO2 storage sites in the Nordic region, two saline aquifers in southern 
Sweden were subject to further investigations in an attempt to update the first static estimates of CO2 storage capacity and to 
improve the general understanding of the reservoir behavior. Two approaches were applied: capacity estimates for the structural 
and stratigraphic traps using the basin modeling software SEMI and capacity estimates using the full dynamic reservoir 
simulation software ECLIPSE 100, showing very different results regarding CO2 storage capacities. Hence, the SEMI modeling, 
depending on structural and stratigraphic traps, achieved a comparable poor CO2 storage capacity whereas the ECLIPSE 
simulation, countering all the main trapping mechanisms, achieved much higher estimated capacities. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Programme Chair of The 8th Trondheim Conference on CO2 Capture, Transport and 
Storage. 
Keywords: Site characterization; CO2 storage; basin modeling; dynamic simulation; capacity; Sweden. 
1. Introduction 
The five Nordic countries joined forces in 2011 creating the Nordic Competence Centre for CCS, NORDICCS. 
The main objective of NORDICCS is to demonstrate how CCS can contribute to the Nordic portfolio of climate 
change mitigation options and thus boost the deployment of CCS in the Nordic.     
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Fig. 1. Location map of the Arnager Greensand and Faludden sandstone aquifers in southern Sweden. Light blue colors represent distribution of 
the formations at depths above 800 m, darker blue colors represent the storage units at depths below 800 m within Swedish economic zone. 
Mapping for suitable CO2 storage sites has indicated very large potential in the Nordic region [1,2,7,10]. The 
large potential for CO2 storage is due to the extensive sedimentary basins located to the south and south-east of 
Sweden, along the Norwegian coast, and covering the full Danish sector. In Sweden, eight potential storage units 
have been identified [7,10] and three of these have shown to be most prospective in terms of capacity, seal and 
safety properties, and data coverage [2]. Two Swedish saline aquifers, with sufficient data sets, have undergone 
basin modeling and dynamic simulations in order to update the NORDICCS CO2 storage capacity estimates [2,10] 
and to improve the general understanding of the reservoir behaviors. The investigated aquifers are Faludden in the 
south-east Baltic Sea and the Arnager Greensand in south-west Scania (Fig. 1). 
2. Characterization of aquifers and caprocks 
Sweden was commercially prospected for hydrocarbons by the Swedish Oil Prospecting Company (OPAB) and 
the Swedish Exploration Consortium (SECAB) in the 1970–80s. During these explorations several 2D seismic 
surveys and a number of deep drillings, mainly onshore, were performed in the areas of south-east Baltic Sea and 
south-west Scania. As the findings regarding hydrocarbons were very limited in the area no further explorations 
were performed. Data from the investigations are stored at the Geological Survey of Sweden and have been used in 
characterizing the storage sites [7,12,13]. OPAB has even identified and prospected a large structural trap, the 
Dalders structure, to the south-east but this data has not been available in this study. 
The Faludden Member, belonging to the Borgholm Formation, was deposited in the Middle Cambrian as a large 
homogeneous sand unit with progradation from east to west. The Faludden Member consists of a clean, fine- and 
medium-grained, carbonate cemented quartz arenite with thin scattered layers of shale and siltstone. Faludden 
represents a stratigraphic confined open/semi-closed saline aquifer covering c. 33000 km2 within the Swedish 
economic zone, in the south-east Baltic Sea [10]. The sandstone has a regional wedge-shaped distribution gently 
dipping (<1°) towards the east-south-east and pinches out to the north-west between the islands of Gotland and 
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Öland. The Faludden aquifer continues its distribution towards the Baltic countries, and is here referred to as the 
Deimena Formation [16]. It is exposed along the north coast of Estonia, whereas it is deeply buried at depths of 
more than 2000 m in Lithuania and 3000 m in Poland [16]. In Sweden, the Faludden aquifer is found at depths from 
400 m below mean sea level beneath the island of Gotland to 1000 m below mean sea level in the deepest offshore 
areas to the south-east [12,13]. Thickness varies from 1 to 49 m increasing towards the Swedish EEZ border to the 
south-east giving an average thickness of 10 m onshore and 45 m offshore [12,13]. In Sweden, the part of the 
aquifer suitable for storage of CO2, i.e. below 800 m depths, covers an area of c. 11000 km2 [10]. The upper surface 
of the sandstone is relatively smooth except from minor local highs with amplitudes of 20–50 m [7].  
The Faludden aquifer is capped by a multi-seal consisting of a 70–120 m thick sequence of Ordovician 
carbonates, of which the bottom 40–60 m include, beside a variably distributed thin layer of Alum Shale, 
argillaceous limestone and bentonite layers. The Ordovician is overlain by 200–900 m Silurian marlstone with local 
interbeds of siltstone and limestone [12,13]. As the Faludden aquifer is gently dipping towards the south-east, the 
thickest part of the multi-seal is upon the storage unit. 
The Albian–Cenomanian Arnager Greensand represents a partly fault confined open saline aquifer covering c. 
5200 km2 in Swedish economic zone, in south-west Scania [10]. The aquifer has a regional distribution gently 
dipping 1–2° towards the north-east where it is cut off by a major fault zone, the Romeleåsen Fault Zone. The 
sandstone unit continues its distribution across the Swedish EEZ border to the south-west into Danish and German 
economic zones. In south-west Scania, the Arnager Greensand is only known from deep drillings at depths between 
1200 and 1700 m. Thickness of the Arnager aquifer varies from c. 20 m in the north-western part to c. 60 m in the 
southern part. The northernmost part of the Arnager aquifer has not been included in the storage unit due to shift 
into finer grain size and increased quartz cementation [M Erlström, pers.com.]. The areas not included in the storage 
unit, though still representing the Arnager Greensand, are illustrated as light blue colored areas in Figure 1. The 
storage unit contains no sizeable structural traps or closures [7]. The Arnager Greensand is a poorly consolidated, 
fine- and medium-grained glauconitic quartz arenite. Feldspars, pyrite, micas and zircon occur as associate minerals 
in the sandstone. Glauconite occurs abundantly, both as grains and as mineralization on other grains. Clay is present 
as matrix, and carbonate occurs only in minor amounts, preferable in the northern parts of the area [7]. 
The Arnager aquifer is capped by a thick seal consisting of 900–1600 m Late Cretaceous to Paleocene clayey 
limestone and chalk with interbeds of silt- and sandstone. 
For both the Faludden and the Arnager aquifers, average physical properties and previous static estimates for CO2 
storage capacity [2,10] are listed in Table 1. In the Faludden aquifer, measurements on geophysical logs together 
with well cores show porosities of 8.2–20% and permeabilities of 0.665–1255 mD. In Arnager, measured porosities 
are 7.2–31.3% and gas permeabilities 0.15–1879 mD. In the previous static estimations a storage efficiency factor at 
2% were used based on the U.S. DOE for formations [8]. 
 
 Table 1. Average physical properties for the two aquifers and previous static estimates on capacity [10]. 
 
Storage unit Depth, m Thickness, m Net/Gross Porosity, % Permeability, mD 2% Capacity, Mt 
Faludden sandstone 830 45 0.90 14 147 745 
Arnager Greensand 946 39 0.80 26 400 521 
3. Methodology 
Two methods have been applied: an updated version of SEMI, a basin modeling software constructed to simulate 
hydrocarbon migration and trapping on basin scale [20] and the commercial software ECLIPSE 100 for dynamic 
reservoir simulation [5]. The ECLIPSE reservoir simulator is modeling the full dynamic behavior of the CO2-water 
system, including residual trapping and dissolution of CO2 in the formation fluids. 
Models representing the Arnager and the Faludden aquifers are based on input properties including those listed in 
Table 1 together with surface and fault maps constructed from interpreted seismic lines, SGU bedrock maps series 
and well data [11,12,13,14,15], thickness map for the Faludden sandstone [16], and bathymetric maps [3]. The 
model areas are limited to distribution of the aquifers within the Swedish economic zone.  
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3.1. Methodology for basin modeling with structural trapping estimates 
The SEMI software simulates the CO2 migration paths ending up in either stratigraphic or structural traps. SEMI 
uses a ray-tracing technique for migrating fluids and gases within a reservoir unit below sealing caprocks. By this, 
the dip direction of a specific carrier determines the pathway directions. To quantify the CO2 structural trapping 
volumes the SEMI methodology was enhanced by including trapping of CO2 along migration pathways [20,9]. The 
SEMI method is thus suitable to assess the number and sizes of traps including fault distribution and sealing 
behavior. Two end-member models assuming open or sealing faults were applied to SEMI in order to calculate the 
total trap storage capacities for both aquifers. Furthermore, the basin modeling approach was used in screening for 
safe storage sites taking into account that CO2 migration paths are highly depending on fault distributions. 
3.2. Methodology for the full dynamic reservoir simulation 
The commercial software ECLIPSE 100 is a fully implicit, three phase and three dimensional simulator 
accounting for all trapping mechanisms involved in CO2 storage except mineral trapping [5]. Hence, trapping 
mechanisms include both structural and stratigraphic trapping, residual trapping and trapping by dissolution in 
formation fluids. Petrel has been used in constructing the reservoir models for the mapped areas in both aquifers. 
The solubility of CO2 in brine is calculated from a correlation by Enick and Klara [6]. The density of CO2 is based 
on an equation of state for CO2 developed by Span and Wagner [19] at temperatures corresponding to the average 
temperature gradient in the regions. In both simulation models assumptions were made for temperature and 
formation water salinity, hence the temperature was set to a constant 40°C and the salinity to 6.3% total dissolved 
salt, which are considered as representative though conservative. Linear permeability functions were used, both 
aquifers with residual gas saturation equal to 0.2 and residual water saturation equal to 0.07, and capillary pressure 
was set to zero between CO2 and water, see [4]. Lithostatic pressure at top of the aquifers was estimated using a 
constant overburden density of 2500 kg/m3 from sea bed to top of the aquifers. 
In the dynamic reservoir simulation, a reservoir model build on grids was constructed for both aquifers. As great 
variations exist regarding both porosity and permeability properties of the aquifers, heterogeneity was added to the 
models by using a stochastic Gaussian distribution function. 
4. Results 
4.1. The Faludden aquifer 
In the basin modeling approach, a total trap storage capacity of 561 Mt CO2 was indicated for the Faludden 
sandstone aquifer without sealing faults. This result decreased to only 10 Mt CO2 storage capacity in the part of the 
aquifer extending below 800 m depths.  When sealing faults were assumed, a total trap storage capacity of 602 Mt 
CO2 was indicated for the complete aquifer, whereas a capacity of 70 Mt was obtained in the part of the aquifer at 
depths below 800 m (Fig. 2). In an attempt to find safe injection sites CO2 was first injected with a rate of 0.5 
Mt/year over a period of 100 years. As the CO2 migrated outside the modeled area in this test no safe injection sites 
were found at this rate and a reduction to 0.23 Mt/year over the same period of 100 years was necessary to obtain 
safe injection sites and thus keeping the CO2 within the modeled area. The safe injection sites were located in the 
deepest part of the aquifer close to the south-eastern part of the Swedish EEZ border. 
In the dynamic reservoir simulation, a series of tests were performed in order to optimize number, position and 
injection rates for the CO2 injection wells. This resulted in six CO2 injection wells placed in the deepest part of the 
aquifer close to the south-eastern part of the Swedish EEZ border with CO2 injection rates of 0.5 Mt/year in two 
wells and 1 Mt/year in the remaining four wells. Moreover, five water production wells were placed down-flank 
from the six injection wells in order to enable as high injection rates as possible and by that keeping the injection 
pressure below an assumed safe pressure limit. Location of wells are shown in Figure 3.  
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Fig. 2. Basin modeling results for the Faludden aquifer showing the trapped CO2 in bright red areas; (a) total trap storage without sealing faults; 
(b) total trap storage including sealing faults. The isoline represents 800 m depth. 
The production wells are set to produce at hydrostatic bottom hole pressure during injection of CO2, hence 
production rate is controlled by each well's productivity index and the induced pressure from the injection wells. 
The total production rate from the five water production wells in the Faludden aquifer reaches a maximum of 
approximately 11000 Rm3 per day at the end of the injection period, corresponding to c. 14000 barrels per day per 
well. The CO2 injection rate is almost 20000 Rm3 per day assuming a CO2 density of 700 kg/Rm3. 
Two scenarios were tested for the Faludden aquifer, one injecting 500 Mt CO2 over a period of 100 years and 
another injecting 250 Mt CO2 over a period of 50 years. After ending injections, a simulated time of 6000 years 
indicated the migration patterns of the CO2. In both scenarios, a fraction of the CO2 migrated to traps in shallower 
parts of the aquifer. In the scenario injecting 500 Mt CO2, 10.8% of the CO2 migrated to the depth region between 
600 and 800 m and 13% migrated to depths shallower than 600 m. In the scenario injecting 250 Mt CO2, a smaller 
fraction of the injected CO2 migrated into shallower parts of the reservoir (Fig. 3). As such, 4.1% CO2 migrated to 
depths shallower than 600 m and 9.1% migrated to depths between 600 and 800 m. Hence, the remaining 86.8% was 
retained below 800 m depth as capillary trapped (residual or structural) and a total of 42.5% was dissolved in the 
formation water after 6000 years. In both cases, the CO2 migrating to shallow depths would be in a gaseous phase 
and thus experience much higher buoyancy forces, and by that increased risk of leakage. In spite of this, the CO2 
was considered retained in structural traps no further migration was expected. 
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Fig. 3. Dynamic reservoir simulation results for the Faludden sandstone aquifer. CO2 saturation after 6000 years with (a) 250 Mt CO2 injected; 
(b) 500 Mt CO2 injected. Blue areas represent the amount of CO2 that was capillary trapped as residual gas. The two isolines represent 800 and 
600 m depths. 
4.2. The Arnager aquifer 
For the basin modeling approach, the Arnager Greensand model indicated a total trap storage capacity of 26 Mt 
CO2 in a scenario without faults, whereas only 10 Mt CO2 storage capacity was obtained in the storage unit below 
800 m depths. In the scenario including sealing faults, a total trap storage capacity of 132 Mt CO2 was obtained, 
whereas at depths below 800 m the capacity was reduced to 115 Mt (Fig. 4). When screening for safe injection sites, 
a CO2 injection rate at 0.5 Mt/year over a period of 100 years was initially modeled, but no safe injection sites were 
identified. Safe CO2 injection sites could not be identified until the injection rate was reduced to 0.08 Mt/year, and 
the only site identified was located in the deepest part in the northern end of the aquifer close to the confining faults 
zone towards the north-east. 
In the dynamic reservoir simulation, a series of tests were performed in order to find the optimal position, number 
and injection rates for the CO2 injection wells. The tests resulted in four injection wells with annual rates between 
0.25 and 1 Mt CO2/year located in the deepest parts of the aquifer together with five water production wells to 
control the pressure.  
The amount of injected CO2 was adjusted to prevent the majority of the CO2 to migrate to depths shallower than 
800 m, which also would coincide more or less with the Swedish EEZ border. Several simulations were tested and 
in one simulation 400 Mt CO2 was injected over a period of 100 years with injection rates of 1 Mt CO2/year in each 
of the four wells. This simulation indicated that 14% of the injected CO2 migrated to depths shallower than 800 m 
during a simulation period of 6000 years. In the final simulation, 250 Mt CO2 was injected over a period of 100 
years with injection rates of 0.5 Mt/year in two wells and 1 Mt/year in the remaining two wells. This simulation 
showed that only 3.3% CO2 migrate to depths shallower than 800 m during a 6000 years period. It should be noted 
though, that a small fraction of the CO2 migrated outside the Swedish EEZ border. The almost linear migration paths 
are effects of the topography together with location of the CO2 injection wells (Fig. 5).     
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Fig. 4. Basin modeling results for the Arnager Greensand aquifer; (a) total trap storage capacity without sealing faults; (b) total trap storage 
capacity including sealing faults. Bright red areas represent the trapped CO2. 
According to simulation results, 26.2 % of the injected CO2 was dissolved into the formation water after 6000 
years. In the dynamic reservoir simulation, the main trapping mechanisms were residual trapping together with 
trapping by dissolution in formation water due to very low occurrence of structural traps in the modeled area for the 
Arnager aquifer. 
     
 
Fig. 5. Dynamic reservoir simulation result for the Arnager Greensand aquifer. CO2 distribution and saturation after 6000 years with a total of 
250 Mt CO2 injected over a period of 100 years. Blue areas represent the amount of CO2 that was capillary trapped as residual gas. 
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5. Discussions 
Previous static estimates, based on total pore space in Swedish economic zone below 800 m depth and the U.S. 
DOE storage efficiency factor 2% for formations [8], achieved theoretical CO2 storage capacity at 745 Mt for the 
Faludden sandstone and 521 Mt for the Arnager Greensand [2,10]. The static estimations together with the results 
from this study enlightens the large span between different methodologies. These discrepancies also put emphasis on 
the parameters affecting the estimations and simulations. In the following text some of the important parameters are 
discussed. 
In the Faludden case, the area of modeling and simulation does not include the eastern and south-easternmost 
parts, including the large Dalders structure, of the Baltic Sea towards the Swedish EEZ border as seismic data from 
these areas were not available for the investigation. This affects the size of the modeled Faludden aquifer which, in 
this study, thus becomes smaller than for the static capacity estimates covering the full area towards the Swedish 
EEZ border. Even in other studies [17,18], the complete Faludden aquifer has been taken into account thereby 
increasing the modeled area and contributing to higher estimates of CO2 capacities. Regarding the Arnager 
Greensand, the modeling included the part of the formation within the Swedish economic zone and was limited to a 
small degree by the extent of the seismic surveys. 
Furthermore, the Faludden aquifer is at depths close to the limit of supercritical versus gaseous CO2 conditions 
and in the models some of the injected CO2 is migrating to regions shallower than 800 m thereby transforming into 
gaseous form and hence being subject to stronger buoyancy forces and increased risk of leakage.  
Due to limited data large uncertainties occur in the models thereby affecting migration speed and distance 
together with residual trapping and dissolution of CO2 into formation water. The migration speed will in addition to 
fluid mobility and tilt depend on capillary pressure and grid block resolution. For the simulations presented here, the 
capillary pressure is scaled into the critical gas saturation and grid block resolution to give a reasonable migration 
speed (see [4] for more details).  
The presence of water production wells causes the pressure increase near the CO2 injection wells to be very 
modest. In the Arnager case, the pressure increase below the top is approximately 20 bar and the resulting pressure 
is just over 50% of the lithostatic pressure and thus considered safe. In the Faludden case, the pressure increase 
below the top is between 15 and 20 bar which results in pressures up to 56% of the lithostatic pressure which is also 
considered safe.  
The importance of fault properties must also be emphasized as results from the basin modeling approach show 
that this factor has critical effects on the migration pathways and the CO2 capacity estimates. As such, the basin 
modeling results showed CO2 storage capacity in structural traps as 1.07 times higher for the complete aquifer when 
assuming sealing faults and as much as 7 times higher capacity for the storage unit below 800 m depths when 
assuming sealing faults. Of course, filling all the identified traps could require an unrealistically high number of 
wells, but the result gives a good overview of the existing traps. Further studies of the faults properties may change 
the estimated CO2 storage capacities and perhaps even enhance the estimated capacities, especially regarding the 
basin modeling approach which is very much depending on structural traps. 
6. Conclusions 
Because of few structural traps and faults facilitating stratigraphic traps in the two aquifers, the SEMI modeling 
results, not accounting for residual trapping, show lower capacities than in the dynamic reservoir modeling. Hence, 
the main trapping mechanisms in the dynamic reservoir simulations were residual trapping together with trapping by 
dissolution in formation fluids due to minor occurrence of structural traps in the modeled areas. Large differences in 
capacity between previous static estimates [2,7,10] and this investigation proves the large span between different 
methods and, in addition, that limited data (incomplete 2D seismic surveys, few offshore wells) leads to 
uncertainties in assumptions and input parameters used in both approaches. 
However, even though large uncertainties exist in the model and flow parameters, the results are considered 
representative in giving an approximate estimate of structural and dynamic storage capacities. The property values 
used for the different parameters in the models are considered conservative. Thus, complementary data and 
investigations may change this in the future. 
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In spite of different methods and approaches this study together with previous estimations [1,2,7,10,17,18] show 
that large potential for CO2 storage exist in the Baltic Sea. Furthermore, additional potential storage sites have been 
identified in the south-east Baltic Sea and south-west Scania in Sweden. A total of at least eight potential storage 
sites within Swedish economic zone have been identified, all together amounting to a static estimated total storage 
capacity at 3.4 Gt [1,7,10]. 
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